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Mechanism Reversible Addition Fragmentation Chain Transfer (RAFT)
2
MaCKiE, Budapest, 26/05/2017
+ →
Free Radical Polymerization (FRP)
Chain initiation
Propagation+ →
+ → Termination
Initiator radical Monomer
+ → Chain initiation
+ → Propagation
→→+ +→→
Macro RAFT exchange
→→→→ Small RAFT exchange+
RAFT polymerization
Initial RAFT agent
Macro RAFT agent
Why RAFT polymerization?
• Controlled radical polymerization (CRP): 
access to new microstructures
• Comparable polymerization rate to Free 
Radical Polymerization (FRP)
• Broad range of monomers can be used
• Applicable as specialty products: 
dispersants, viscosity modifiers (Lubrizol), 
therapeutic delivery agents.
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Outline
• Modelling RAFT polymerization
– Using the Pseudo Steady State Approximation (PSSA)
– Adaptive method for approximating maximum chain 
length.
• Model validation
– Comparison with experimental data
– Insight in product properties
• Effects of the chain length distribution
• Conclusions
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Kinetic model: application of PSSA.
• 𝑛 = maximum chain length of macrospecies
• Number of ODE’s≈ 6𝑛 +
𝑛 𝑛+1
2
• Factor 
𝑛 𝑛+1
2
from σ𝑖=1
𝑛 σ𝑗=1
𝑖 𝑅𝑖𝑋𝑅𝑗
• Application of PSSA reduces number of 
ODE’s: 3𝑛.
• Algebraic equations written sequantially1.
• Since stiffness is reduced, explicit method 
can be used for remaining ODE’s.
(1) Zapata-González, I.; Saldívar-Guerra, E.; Ortiz-Cisneros, J. Macromol. Theory Simul. 2011, 20 (6), 370–388.
• Model I: applying PSSA 
for all radical species.
• Model II: no assumptions
• Simulation time reduced, 
depending on chain 
length.
• Model II: ~96h.
• Model I: ~10 mins.
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Kinetic model: validation of PSSA
MaCKiE, Budapest, 26/05/2017
Overview algorithm
Load initial conditions
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• What is the maximum 
chain length needed to 
be considered?
– Too low: incorrect.
– Too high: computational 
cost
• Use expected chain 
length: manually adjust 
for every condition.
• Solution: adjust the 
maximum chain length 
stepwise.
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Adaptive step for maximum chain length
𝐶𝐿𝑚𝑎𝑥 = 𝜇 + 10𝜎 → 99%
Outline
• Modelling RAFT polymerization
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– Adaptive method for approximating maximum chain 
length.
• Model validation
– Comparison with experimental data
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Comparison with experimental data
Monomer:
Conventional initiator:
RAFT agent:
Monomer
conversion(-)
𝑥𝑛(-) Dispersity (-)
Temperature (K)
Targeted chain 
length (-)
[RAFT]/[AIBN](-)
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Comparison with experimental data
A 
((L mol-1)s-1)
Ea
(kJ mol-1)
k (353K)
Addition 1 1.0 104 0.0 1.0 104
Addition 2
1.0 105
0.0
1.0 105
Fragmentation 1 9.0 1011 50
2.2 104
Fragmentation 2
1.0 1011
50
4.0 103
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Comparison with experimental data
• Minima and maxima 
on dispersity profile 
why?
• Fraction of shorter 
chains change
• Initial RAFT agent 
source of new chains
• Conventional Initiator 
source of new chains Radicals 
from small 
RAFT agent
Conventional 
initiator radicals
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Comparison with experimental data
353K [MON]/[RAFT]: 200 [RAFT]/[AIBN]: 1
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Insight in product properties
Less control
𝐷𝑖 (dead) :yellow
𝑅𝑖𝑋 (dormant): orange
𝑅𝑖 (macroradical): green
𝑅𝑖𝑋𝐼 (RAFT intermediate): red
𝑅𝑖𝑋𝑅0 (RAFT intermediate): blue
𝑅𝑖𝑋𝑅𝑗 (2 arm RAFT intermediate)
𝑅𝒊 + 𝑅𝒊𝑋 → 𝑅𝒊𝑋𝑅𝒊
𝑅𝒋 + 𝑅𝒊𝑋 → 𝑅𝒋𝑋𝑅𝒊
𝑅𝒊 + 𝑅𝒋𝑋 → 𝑅𝒊𝑋𝑅𝒋
Outline
• Modelling RAFT polymerization
– Using the Pseudo Steady State Approximation (PSSA)
– Adaptive method for approximating maximum chain 
length.
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Effect of chain length distribution
• Apparent rate coefficients 
chain length dependent.
1. Account for all chains 
individually
2. Consider the average 
chain length (𝑥𝑛) only
3. Consider a presumed 
distribution, calculated 
from 𝑥𝑛.
Flory-Schulz Distribution:
𝐹𝑟𝑎𝑐 𝑖 =
1
𝑥𝑛
1 −
1
𝑥𝑛
𝑖−1
Poisson Distribution:
𝐹𝑟𝑎𝑐 𝑖 =
𝑥𝑛
𝑖
𝑖!
𝑒−𝑥𝑛
Composite model 
for termination
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Effect of chain length distribution
Comparing 3 models:
• Model 1: individual 
chains explicitly
• Model 2: Poisson 
distribution with average 
chain length.
• Model 3: Flory-Schulz 
distribution with average 
chain length.
Model 1: 
Model 2: 
Model 3:
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Effect of chain length distribution
Model 1 (individual chains): 
Model 2 (Poisson): 
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Effect of chain length distribution
What if a stronger chain 
length dependence is 
observed?
• Theoretical case: using 
composite model of MMA 
with current model.
Model 1
(individual chains): 
Model 2 
(Poisson): 
Model 3 
(Flory-Schulz):
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Conclusions
• Novelty by combination of PSSA, adaptive maximum chain length
and diffusional effects makes this a useful modelling approach.
• Experimental data is well described and more insight in the product 
properties is obtained by looking at the CLD of individual 
macrospecies.
• The Poisson distribution is a crude estimation for the CLD of RAFT 
polymerization.
• For polymerization of monomers with a higher value of chain length 
dependence (MMA) a priori assumed distributions can lead to 
incorrect estimations of the apparent rate coefficients.
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